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Materials and Methods 
Experimental Animals 
Experiments were performed on 1-5 day old Drosophila hydei (males and females), from a 
laboratory stock reared in a 16:8 (L:D) light cycle. Experimental sessions ran for 5 consecutive 
days. Each day, we released 50 one-day-old flies in the experimental chamber approximately 10 
hours after their subjective dawn and continued recording for 8 hours. Thus, the recording 
sessions were timed to capture the flies’ late crepuscular peak in daily activity. During the 
experiments, flies were deprived of food and water in order to motivate flight. 
 
Experimental Setup 
The experimental setup (Fig. 1) consisted of a transparent cylindrical enclosure (d=h=21 cm). 
We aligned the two beams of an IR laser triggering system (StopShot, Cognisys Inc) so that they 
crossed in the middle of the arena. When a fly interrupted both beams, the system triggered both 
the video recording system and the electronic LED display that provided the visual looming 
stimulus. The video system consisted of three synchronized high-speed cameras (Photron SA5 
with AF Micro Nikkor 60mm lenses), operated with the following parameters: frame rate = 
7,500 frames-per-second, exposure time = 1/30,000 seconds, image resolution = 1,024 x 1,024 
pixels, image depth = 12 bits, lens aperture = f/22. Due to limitations in depth of field, useful 
data was restricted to a cubic region roughly 40 x 40 x 40 mm in size. The cameras collected 
images continuously in pre-trigger mode, and when triggered by a fly, stored 372 ms of data 
before and after the trigger point.  For backlighting, we placed a custom built 10 x 10 array of IR 
LEDs (Vishay VSMY3850-GS08, 850 nm, Fig. S1) on the arena surface opposite each camera. 
We used a thin diffusing filter in front of each array to create a more homogeneous field of light. 
The IR LEDs were operated in a pulsed mode using a strobe controller (Gardasoft PP520F), 
which was triggered by the cameras. The interior of the arena was actively cooled within the 
range of 24-27°C, by passing cooled air around the outside of the flight chamber using an air-
conditioning system (Sunpentown WA1210E).  
Fig. S1. 
The relative intensity distribution 
throughout the wavelength spectrum for 
the visual display (green trace) and for the 
IR backlighting (red trace). Because the 
visual system of fruit flies is largely 
insensitive to wavelengths larger than 650 
nm (35), the strong IR lights required for 
filming did not affect the flies’ ability to 
see the looming stimulus. 
 
The visual display consisted of a cylindrical array of 192 azimuthal columns and 40 vertical 
rows of green LEDs (565 nm, Fig. S1) (14), with four holes required for the two horizontal 
cameras and their backlighting arrays. Throughout the experiment, the LEDs were turned on to 
provide illumination within the arena (70 lux). When triggered, the visual display was 
programmed to generate a dark expanding circle, with a Michelson contrast of 93% (14). The 
expansion step size was equal to two LEDs in the azimuthal plane (one in each direction), which 
subtends an angle of 3.75° on the fly’s retina when positioned in the center of the arena. The 
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expansion dynamics could be controlled by varying the stimulus frame rate, step sizes and 
maximum frame number. 
Objects looming with a constant approach generate an exponentially increasing optical 
angle on the retina of a stationary observer, and thus have a relatively low initial expansion 
speed. Preliminary tests indicated that, when using this type of stimulus, the flies would leave the 
recording area before responding, and thus a different stimulus protocol that elicited a response 
more rapidly was required. Using a stimulus with a constant rate of optical expansion enabled us 
to decrease the response time to the point that we were able to capture the flies’ escape reaction 
within the measurement volume. Note that a linearly expanding object simulates an object that 
decelerates during the approach. However, the goal of our study was to investigate the motor 
reactions of the flies once triggered; an alternate experimental system will be required to study 
the psychophysics of looming detection in free flying flies. 
 
Analysis of response dynamics 
The captured images during escape reactions were analyzed using an automatic machine vision-
based tracking system that was custom-built for analyzing Drosophila flight dynamics (15). 
Using this system, the body and wings were tracked separately by projecting a fly body model 
and two wing models onto the three camera images using a DLT method for calibration (36). 
The spatial calibration was based on 112 points positioned within three planes throughout the 
focal region of the three cameras and was performed at the start and end of every experimental 
session. The tracking routine output consisted, for each frame, of the 3D position and orientation 
quaternion of the body (X={x,y,z} and qbody) and the orientation quaternion for each wing (qL and 
qR). For each flight sequence, body size, wing size and wing hinge locations were initially 
scaled, and then kept constant throughout the sequence. The X and q time series were post-
processed by Kalman filtering the data. For body position, we used a linear Kalman filter. To 
filter orientation data, we used an extended Kalman filter (37) because the quaternion update is 
non-linear. 
The linear Kalman filter provided us with the time dependent vectors of body position, X(t), 
flight speed, U(t), and body acceleration, a(t), throughout each flight sequence. X(t) and U(t) 
were used to estimate the flight direction, σ (t), and changes in absolute flight speed, ΔU. a(t) 
was used to estimate force production throughout the maneuver (normalized to body weight) as 
F/mg = |a+g|/|g|. X(t) and a(t) were used to estimate the direction of F/mg relative to the stimulus 
(σ F). We determined angular velocities of the body, Ω  ={ωx,ωy,ωz}, from our Kalman estimate 
of qbody. Integrating and differentiating Ω  throughout the maneuver, provided estimates of body 
roll, pitch, and yaw (ϕ, θ, and ψ, respectively) throughout the maneuver and their corresponding 
angular accelerations. Note that we are defining ϕ, θ, and ψ as the rotation angles around the 
three axis of the stroke plane (Fig. 1C) rather than the classic Tait-Bryan angles with an Euler 
rotation scheme, which are commonly used to describe three-dimensional body orientation in 
flight. The reason for deriving roll, pitch and yaw by integrating angular velocity is because of 
the order dependence of an Euler angle representation which is misleading with respect to 
actuation performed in the body reference frame. For example, a maneuver in which a fly 
consecutively rolls by 90°, pitches up 90°, and then rolls back 90°, results in final Euler angles of 
0°, 0° and 90° for roll, pitch and yaw, respectively. Thus, the yaw Euler angle is 90°, although 
the animal has not generated a yaw maneuver.  
The Kalman filtered wing quaternions were used to determine the kinematic angles of the 
wing. All kinematics angles were defined relative to the plane through the two wing hinges and 
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set at an angle of 47.5° relative to the longitudinal body axis of the animal. This angle is equal to 
the average body pitch of Drosophila during slow steady flight, and thus defines a horizontal 
plane through the wing hinges during segments of steady flight (Fig. 1D). The upstroke and 
downstroke portions of each stroke were determined by the maxima and minima of stroke 
position. Wingbeat frequency is defined as 1/T, where T is the time interval between the start of 
two consecutive downstrokes. 
 
Analysis of wingbeat kinematics 
Changes in wingbeat kinematics were correlated with body dynamics by first segmenting all 
strokes into steady and unsteady classes. A wingbeat was classified as steady or unsteady if the 
average linear and angular accelerations of the body during the stroke was less than then half the 
standard deviation of the aggregate acceleration distribution for all sequences. All wingbeats that 
failed this criterion were classified as unsteady. The resulting relative thresholds were |a+g|/|g| = 
1.10, °= 48.0/ 2fφ!! , °= 29.0/ 2fθ!! , and °= 27.0/ 2fψ!! , which resulted in a classification of 
1603 steady wingbeats and 1963 unsteady wingbeats. 
The steady flight wingbeats were used to define the strokeplane angle relative to the body 
axis (as defined above, equal to the average body pitch angle), and to determine the steady set of 
wingbeat kinematics by which all maneuvers were compared. In addition to determining an 
average wingbeat frequency for the steady wingbeat segments, we used Fourier series to fit the 
time history of stroke angle, deviation angle and rotation angle (Fig. 4A-C and Table S1). The 
Fourier series were fitted using a Levenberg-Marquardt algorithm and are defined as: 
 
∑
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where k is the specific wingbeat kinematics variable, an and bn are the Fourier series coefficients 
for the nth order, and τ is normalized time for each wingbeat (τ = tf). 
The average body pitch angle and wingbeat frequency for the 1603 steady wingbeats were 
47.6°±0.2° (mean±SD) and 188.7±0.5 Hz, respectively. The time series of the angles were fit 
with an Nth order Fourier series, where the order, N, was 4, 8, and 8 for wing stroke angle, 
rotation angle, and deviation angle respectively (Fig. 4A-C and Table S1). Higher order was 
required for rotation and deviation because of the higher order harmonics in these signals (Fig. 
4B-C). 
To analyze the wingbeat kinematics during maneuvers, the unsteady flight dataset was 
independently parsed into three nonexclusive classes in which the animal significantly increased 
force production, generated roll torque, or generated pitch torque (up and down). The thresholds 
for these classes were set at one standard deviation of each respective acceleration distribution 
(|a|/|g| = 0.20; °= 96.0/ 2fφ!! ; and °= 57.0/ 2fθ!! ), resulting in a sets of 719, 582 and 615 
wingbeats for increased force production, roll acceleration and pitch acceleration, respectively. 
For each class, the changes in wingbeat kinematics relative to the steady case were linearly 
correlated with the measured body accelerations during that stroke in the following way: 
 
modk,A,i = (ki - ksteady) / (Ai - Asteady),        eq. S2 
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where modk,A,i is the wingbeat modification variable for kinematics variable k of the ith wingbeat 
in the dataset for body acceleration variable A (which includes linear acceleration, roll 
acceleration, and pitch accelerations). By fitting Fourier series (eq. S1) through the complete 
dataset of each modk,A,i (i=1 to I, where I is the number of wingbeats in the dataset), we 
determined the average wingbeat kinematics distribution, MODk,A, for all combinations of 
wingbeat kinematics variable, k, and body acceleration variable, A (Table S1). All Fourier series 
for MODstroke, MODrotation, and MODdeviation, were 8th order (Table S1), while MODfrequency,F/mg 
was estimated as 41.5±2.7 by a linear fit. 
From the MODk,A estimates, the set of wingbeat kinematics variables that would result in a 
given type of body acceleration A can be reconstructed by: 
 
k = ksteady + MODk,A * (A - Asteady).        eq. S3 
 
Note that the kinematics variables for the linear acceleration dataset consist of wing stroke 
angle, deviation angle, rotation angle and wingbeat frequency, whereas because angular 
accelerations were normalized using wingbeat frequency squared, frequency was not included as 
a variable for the roll and pitch maneuvers. 
 
Preliminary analysis on effects of looming parameters 
A range of experiments was performed to test the effect of the time course of the looming on the 
behavioral response. Control experiments in which no expansion was triggered resulted in 
continuous steady flights, indicating that the flies did not respond to the IR laser trigger system. 
Providing an expansion stimulus from two opposite sides of the arena did not reveal any bias in 
response dynamics relative to the geometry of the setup. We used three different constant 
expansion speeds in these experiments: 0.65° ms-1, 1.3° ms-1 and 2.1° ms-1. 
Using an expectation maximization-based clustering analysis on the linear acceleration 
data of all flight sequences, we defined the start of the response at a linear acceleration threshold 
of 0.28 g. Based on this threshold, the response times were 84±17 ms (n=18), 75±10 ms (n=34) 
and 43±8 ms (n=44) for the looming stimuli with slow, medium and fast expansion speed, 
respectively. Although response time is significantly faster for the faster stimulus, the response 
dynamics were identical if temporally aligned according to an acceleration threshold of 0.28 g 
(Fig. 2H and Fig. 3K). We also tested three different maximum stimulus expansion angles (χmax 
= 32°, 64° and 165°), in combination with two post expansion conditions (either turning all 
LEDs directly on after the dark stimulus reaches maximum size or having the dark stimulus to 
remain present). Again, we did not find any significant differences in escape dynamics under 
these six different conditions. Based on these preliminary findings, our subsequent analysis was 
based on the assumption that, once triggered, the motor reaction we measured were dependent on 
the azimuthal position of the stimulus but not on the time course of stimulus expansion. 
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Fig. S2. Flies steer away from looming stimuli by performing banked turns. (A-C) Time history of body angles aligned to start of motor response: 
(A) roll, ׋; (B) pitch, ș; (C) yaw, ȥ (D-F) Time history for body angle velocities normalized by wingbeat frequency f: (D) roll rate, Ȧx/f; (E) pitch 
rate, Ȧy/f; (F) yaw rate, Ȧz/f. (G-I) Time history for body angle accelerations normalized by the square of wingbeat frequency f: (G) roll acceleration, 
ĳ /f 2; (H) pitch acceleration, ș /f 2; (I) yaw acceleration, ȥ /f 2. Body angles and their derivatives are defined as in (J). In A-I, thin grey lines indicate 
separate flight sequences; colored lines and shaded areas are average and 95% confidence intervals for four subsets of data in which the flies were 
approached from different 45o–wide azimuthal sectors (K).
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Fig. S3. Average wingbeat kinematics and turn dynamics throughout the escape maneuver for the 21 flies 
WKDWUHFHLYHGWKHORRPLQJVWLPXOXVLQWKHILUVWD]LPXWKDOVHFWRURIWKHUHWLQDOVWLPXOXVDQJOHȜ!o), as 
defined in the top left inset in Fig. 2G. See Fig. 1D for wingbeat angle definitions. (A) f, flapping 
frequency; (B) ĳ, stroke angle of the left (blue) and right (red) wing; (C) Į, rotation angle of the left (blue) 
and right (red) wing; (D) Ȗ, deviation angle of the left (blue) and right (red) wing. (E) ı, heading in the 
stimulus reference frame; (F) ıF, the direction of the horizontal aerodynamic force component in the 
stimulus reference frame; (G) Aĳ, stroke angle amplitude of the left (blue) and right (red) wing; (H) |ĳ|, 
wingbeat mean stroke angle of the left (blue) and right (red) wing; (I) ĳ/5GLIIHUHQFHEHWZHHQWKHOHIW
wing stroke angle and the right wing stroke angle, at the end of the downstroke (at wing supination, light 
blue), and at the end of the upstroke (at wing pronation, orange); (J) Į/5GLIIHUHQFHEHWZHHQWKHOHIW
wing rotation angle and the right wing rotation angle, at mid downstroke (light blue), and at mid upstroke 
(orange); (K) AȖ/5GLIIHUHQFHEHWZHHQWKHOHIWZLQJGHYLDWLRQDQJOHDPSOLWXGHDQGWKHULJKWZLQJ
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,Q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thin grey lines indicate separate flight sequences.
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Fig. S4. Average wingbeat kinematics and turn dynamics throughout the escape maneuver for the 16 flies 
that received the looming stimulus in the second azimuthal sector of the retinal stimulus angle (-90oȜ
<-45o), as defined in the top left inset in Fig. 2G. See Fig. 1D for wingbeat angle definitions. See Fig. S2 
for a detailed description of the variables in each panel.
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Fig. S5. Average wingbeat kinematics and turn dynamics throughout the escape maneuver for the 17 flies 
that received the looming stimulus in the second azimuthal sector of the retinal stimulus angle (-135oȜ
<-90o), as defined in the top left inset in Fig. 2G. See Fig. 1D for wingbeat angle definitions. See Fig. S2 
for a detailed description of the variables in each panel.
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that received the looming stimulus in the second azimuthal sector of the retinal stimulus angle (Ȝo), 
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Table S1. 
Coefficients and statistical data of the Fourier series (eq. S1) for the steady wingbeats and the 
wingbeat modulations that govern linear body accelerations, body pitch angle accelerations, and 
body roll accelerations, respectively. For the laterally asymmetric body roll case, the wingbeat 
kinematics for the upwards and downwards accelerating wings are provided separately. 
 
 Steady wingbeat kinematics 
 stroke rotation deviation 
N an bn an bn an bn 
0 3.9008 - 4.2936 - -6.173 - 
1 65.0445 4.2642 1.8536 59.6529 6.5682 3.7788 
2 3.5806 -2.9492 5.1852 1.6095 6.1335 0.8717 
3 0.1319 0.3639 -8.4569 9.8057 -0.352 -0.6606 
4 0.7844 0.2098 3.9562 5.8064 0.0447 1.2816 
5 - - -3.0337 -2.8749 0.5257 0.3556 
6 - - -2.8771 0.6686 -0.3202 -0.2039 
7 - - 0.8649 -0.6137 -0.2993 0.1891 
8 - - 0.0771 -1.0007 0.0221 0.0379 
       
n 1603 1603 1603 
sse 8.0627 8.4016 1.1506 
r2 1.0000 1.0000 0.9999 
dfe 191 183 183 
adj r2 1.0000 1.0000 0.9999 
rmse 0.2055 0.2143 0.0793 !
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!
 Linear acceleration modulation 
 stroke rotation deviation 
n an bn an bn an bn 
0 -4.6736 - -4.9784 - 7.1015 - 
1 14.1313 0.9415 -4.374 1.6273 -2.472 -1.7041 
2 3.1407 1.4655 -6.4068 0.25 3.0183 1.5893 
3 0.4728 -0.9957 -0.6567 -0.8134 0.7339 -1.459 
4 -0.5968 -0.2136 -5.4767 -1.8678 -0.0375 -0.1021 
5 0.496 -0.0093 1.0895 1.4223 -0.0355 0.538 
6 0.1765 -0.5429 2.1159 -2.5199 0.0913 0.2958 
7 -0.075 -0.0503 -0.571 0.2408 0.0906 -0.3932 
8 0.0697 0.0249 0.5521 1.2054 -0.0734 -0.2456 
       
n 719 719 719 
sse 2.8074 3.8553 2.1145 
r2 0.9996 1.0000 0.9976 
dfe 183 183 183 
adj r2 0.9996 1.0000 0.9974 
rmse 0.1239 0.1451 0.1075 !
 Pitch acceleration modulation 
 stroke rotation deviation 
n an bn an bn an bn 
0 -0.8131 - -0.4648 - -0.7202 - 
1 -1.2546 -1.4999 1.2876 -0.2763 -0.2447 0.7053 
2 -0.2231 0.0246 -0.625 -0.2962 -0.4336 -0.4589 
3 -0.1089 0.0404 0.1871 0.7462 -0.2864 0.1155 
4 0.0222 -0.047 0.5042 -0.6062 0.0741 -0.0279 
5 -0.0943 -0.0392 -0.4812 -0.0057 -0.0274 -0.208 
6 -0.0271 0.0054 0.1589 0.3995 -0.07 -0.0455 
7 -0.0072 -0.0281 0.1162 -0.1608 0.0257 0.0235 
8 -0.0234 -0.059 -0.0801 0.0538 0.0187 -0.0137 
       
n 615 615 615 
sse 8.3671 6.0312 0.8054 
r2 1.0000 1.0000 0.9999 
dfe 191 183 183 
adj r2 1.0000 1.0000 0.9999 
rmse 0.2093 0.1815 0.0663 !
 13 
 Roll acceleration modulation for upward accelerating wing 
 stroke rotation deviation 
n an bn an bn an bn 
0 -1.1948 - -0.7681 - 1.817 - 
1 2.4902 0.0574 0.0325 0.1112 -0.8097 -0.2229 
2 0.5719 0.3229 -1.2837 -0.2991 0.5658 0.1953 
3 0.066 -0.1568 0.2203 0.1268 0.0103 -0.305 
4 -0.1224 -0.0279 -0.7092 -0.5942 0.0402 -0.0265 
5 0.0767 0.0137 0.0541 0.3131 0.0194 0.0347 
6 0.0294 -0.076 0.3676 -0.2498 0.0158 0.0468 
7 -0.0147 -0.0057 -0.1034 -0.0118 0.0227 -0.0735 
8 0.0079 0.0059 0.0000 0.2286 -0.0254 -0.0602 
       
n 582 582 582 
sse 1.0608 14.1114 3.2721 
r2 0.9998 0.9945 0.9966 
dfe 183 183 183 
adj r2 0.9998 0.9940 0.9964 
rmse 0.0761 0.2777 0.1337 !
 Roll acceleration modulation for downward accelerating wing 
 stroke rotation deviation 
n an bn an bn an bn 
0 -0.3819 - -0.4162 - 0.5095 - 
1 1.7718 0.4261 -1.8177 0.1848 0.4199 -0.4118 
2 0.4062 0.2757 -0.589 0.2037 0.3139 0.1942 
3 0.1439 -0.1749 -0.3515 -0.6688 0.1248 -0.2259 
4 -0.0419 -0.0021 -1.2698 0.0813 -0.0941 -0.0825 
5 0.1107 0.0032 0.4239 0.2272 -0.0476 0.17 
6 0.0324 -0.0849 0.327 -0.5451 0.0555 0.0747 
7 -0.0202 0.0049 -0.134 0.0473 -0.0022 -0.0679 
8 0.0129 0.0126 0.1257 0.2061 -0.0261 -0.0161 
       
n 582 582 582 
sse 1.1801 11.7784 1.2755 
r2 0.9996 0.9979 0.9975 
dfe 183 183 183 
adj r2 0.9996 0.9977 0.9973 
rmse 0.0803 0.2537 0.0835 ! !
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Movie S1 
High-speed video corresponding to photomontage in Fig. 1E(a). Sequence was filmed at 7500 
frames per second, but is replayed at 300x slower speed. The sequence begins at the point that 
the visual stimulus begins to expand. The stimulus approaches fly from bottom right. 
Movie S2 
High-speed video corresponding to photomontage in Fig. 1E(b). Sequence was filmed at 7500 
frames per second, but is replayed at 300x slower speed. The sequence begins at the point that 
the visual stimulus begins to expand. The stimulus approaches fly from bottom right. 
Movie S3 
High-speed video corresponding to photomontage in Fig. 1E(c). Sequence was filmed at 7500 
frames per second, but is replayed at 300x slower speed. The sequence begins at the point that 
the visual stimulus begins to expand. The stimulus approaches fly from bottom right. 
Movie S4 
High-speed video corresponding to photomontage in Fig. 1E(d). Sequence was filmed at 7500 
frames per second, but is replayed at 300x slower speed. The sequence begins at the point that 
the visual stimulus begins to expand. The stimulus approaches fly from bottom right. 
Movie S5 
High-speed video corresponding to photomontage in Fig. 1E(e). Sequence was filmed at 7500 
frames per second, but is replayed at 300x slower speed. The sequence begins at the point that 
the visual stimulus begins to expand. The stimulus approaches fly from bottom right. 
Movie S6 
High-speed video corresponding to photomontage in Fig. 1E(f). Sequence was filmed at 7500 
frames per second, but is replayed at 300x slower speed. The sequence begins at the point that 
the visual stimulus begins to expand. The stimulus approaches fly from bottom right. 
Movie S7 
Example tracking result of a full trajectory showing a fly's response to a looming stimulus in two 
reference frames: the lab frame (left) and a frame that follows the fly's center of mass (right). 
Movie S8 
An animated cartoon illustrating the changes in wing and body motion on a stroke-by-stroke 
basis from four different views. The data are the same as presented in Supplementary Movie 7. 
Each frame of the movie shows a single wingstroke. 
Movie S9 
Animated version of the wingstrokes depicted in Fig. 5A. Grey and black wing chords represent 
patterns generating steady flight and peak flight force, respectively. 
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Movie S10 
Animated version of the wingstrokes depicted in Fig. 5B. Grey and black wing chords represent 
patterns of right and left wings during production of peak roll acceleration, respectively. 
Movie S11 
Animated version of the wingstrokes depicted in Fig. 5C. Grey and black wing chords represent 
patterns generating peak nose down and nose up pitch acceleration, respectively. 
Database S1 
Compressed MATLAB (MathWorks, Inc.) database with information about all reported flight 
trials, and with results from the robotic fly experiments. The flight trial data consisted of 
information about the experimental setup and conditions and body and wing kinematics data 
throughout each flight sequences. Body kinematics consist of the position X, velocity U, 
acceleration a, orientation qbody and angular velocities Ω  of the body at each point in time t. 
Wingbeat kinematics are described by the corresponding stroke angle φ, deviation angle γ and 
rotation angle α of both wings with length l and wing joint location xjoint (in the body reference 
frame). Looming stimulus data provides the optical angle of the expanding circle in the flies’ 
reference frame for each point in time t. Body and wing model data are provided as a series of 
node points and scaling parameters (15). The robotic fly data consisted of the temporal dynamics 
of the wingbeat kinematics angles (as defined in Fig. 1D and constructed using eq. S3) and 
forces and torques about the three body axes (as defined in Fig. 1C), for all data reported in Fig. 
6 (i.e. wingbeats that result in linear acceleration, roll angle acceleration, and pitch angle 
acceleration). The measured forces and torques were converted to fly scales (using dynamic 
scaling) and normalized; both the unfiltered and Butterworth filtered data are provided. 
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